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Abstract— Availability of low-cost imaging devices for 
embedded applications has enabled wireless multimedia sensor 
networks that can process and transmit image and video data in 
addition to scalar data. Such networks can be effectively 
employed to autonomously monitor: (i) the surface conditions 
and structural health of bridges and transport infrastructures at 
various geographical locations; (ii) the operational and 
environmental conditions of water wells and other life-critical 
resources in isolated areas. This paper describes an autonomous 
monitoring system. The paper focus is on critical transport 
infrastructure and natural resources in remote locations. The 
system identifies and reports the onset of anomalous conditions 
enabling infrastructure managers, government and community 
organizations to reduce service disruption, reduce risks and 
potentially save lives. This is beneficial to infrastructure owners, 
users and the local community. Initial system trials on 
infrastructure monitoring are presented, with further discussion 
of natural resources monitoring and disaster response in 
developing countries around the world. These provide a case-
study for wider stakeholder involvement from government and 
public sector organizations, and NGOs. 
Index Terms— Remote monitoring, Energy harvesting, 
Embedded system component.  
I. INTRODUCTION 
Wireless multimedia sensor networks (WMSN) are resource-
constrained networks able to process image/video data, and 
offer a wider range of information compared to conventional 
sensor networks dealing with scalar data (e.g. temperature or 
humidity). The biggest challenge in such a resource 
constrained system is to maximize the network lifetime of 
individual sensors that are often battery powered [1]. Critical 
transport infrastructure can be effectively monitored by a 
WMSN, even in areas devoid of power and conventional 
communications infrastructure. The benefits of digital 
technologies in adverse conditions have shown in number of 
scenarios (e.g. heavy snow [2], floods [3] and humanitarian 
relief [4]). In such scenarios there is lack of timely information 
that may slow down remedial measures by infrastructure 
owners and result in inconvenience to users and even loss of 
lives. Scotland’s Climate Change Adaptation Framework 
embodies Transport Scotland’s Transport Sector Action Plan 
[5], which identifies the potential impacts of the changing 
climate on the transport sector and sets out the action being 
taken in Scotland to adapt to those impacts. It also considers 
what this sector can do to help other sectors and wider society 
adapt to the impacts.  
This paper describes an autonomous monitoring system, 
initially developed by the RemoteStream project at the 
University of Aberdeen for critical infrastructure monitoring. 
The system provides camera-equipped nodes with 
environmental sensors, storage and backhaul communication 
equipment; a processing unit analyzes the data and prioritizes 
information to be sent. If mains power supply is not available, 
this system can utilize batteries and solar panels to sustain 
operation.  
The system is suitable for monitoring applications such as: 
monitoring of operational conditions of transport infrastructure; 
environmental monitoring and early detection (e.g., flash 
floods, snow and dust storms); site-safety (e.g., emergency 
repair of critical infrastructure following landslides); asset 
management (e.g. detecting unlawful access to construction 
sites) and accounting (monitoring road/rail usage).  
II. SYSTEM ARCHITECTURE 
The system comprises two components: a remote capture 
platform and a web-based content portal (Figure 1). The 
remote capture platform is suitable for operation in energy-
constrained scenarios. Captured content is transferred via a 
backhaul to the content portal, where it is made available in a 
variety of quality formats to either closed communities (e.g. 
site management), or public access (e.g. project visibility, 
monitoring and early detection). This server also manages a 
reverse communication channel, allowing authorized users to 
send configuration commands to the system if operation needs 
to be altered. Due to space limitations, in this paper we focus 
mainly on the capture platform. A sensor node (described in 
detail later) could be deployed as a single-node system or as 
part of a distributed system. The sensor node houses 
environmental (e.g., temperature, humidity, vibrations) and 
motion sensors, and a 5 megapixel camera to capture both 
images and video. External sensors, including devices to 
measure water level, can be connected to a node. Data capture 
is triggered by events of interest (motion, vibration, 
temperature or water level exceeding a threshold). Captured 
and processed information is then relayed from the capture 
platform through a cellular or satellite network to the web 
server making it accessible over the Internet and to send 
notifications to mobile phones as required (alarms etc.). Mains 
power supply is generally not available and the system operates 
with batteries and relies on solar panels to collect energy. 
 
 
Fig. 1.  RemoteStream Architecture. 
III. AUTONOMOUS SENSING AND ENERGY MANAGEMENT 
The platform autonomously determines the time and amount of 
data for transmission, following specified criteria. The goal is 
to classify and report salient events while targeting the best 
image quality under cost/energy constraints. The main 
innovation, described in the following sections, is support for 
autonomous event-detection, allowing reduced power 
operation during “quiet” periods. 
 
A) Autonomous Sensing    
The capture platform needs to make decisions on what imagery 
and data are captured and forwarded to the network. This can 
be deferred to individual sensor nodes. As a simple example, a 
sensor reading a stable temperature elects not to send (the 
same) readings periodically, but rather send updates only when 
values change by a set amount. At a more complex level, a 
motion-activated camera performs image analysis on a 
snapshot to determine whether an event is of interest e.g. a 
fallen tree on the railway track. Finally, the system decides on 
immediate transmission of critical information, while delivery 
of other data is delayed (e.g. to a time after solar panels have 
topped-up batteries). The power consumed by decision-related 
computations must not offset savings in communication power. 
In more complex scenarios a network of sensors −including 
passive infrared sensor (PIR), vibration sensors, cameras, etc− 
could collectively decide if there is an event of interest by 
sharing and cross reference of data across the network. A 
sensor detecting PIR activation could require its surrounding 
nodes to confirm detection and only then capture an image. 
 
 
 
Fig. 2. Prototype sensor node showing Raspberry Pi and other components. 
Box dimensions are 8x4x5 inches. 
 
 
B) Energy Management 
To support long-term deployment of the system, operation 
should be energy neutral, i.e. the system spends (on average) as 
much energy as it collects. Energy management decisions are 
based on battery level, solar power input, energy required by a 
scheduled task and the importance of data involved.  
Image and video data are many orders of magnitude larger 
in size than scalar data such as temperature or humidity data. In 
broad terms, transmission energy requirements are proportional 
to data size. It is thus necessary to find transmission schemes 
that select a subset of the data to minimize energy use. For 
instance, a JPEG-compressed image [8] could be post-
processed to further reduce image size, but retaining acceptable 
quality. In a similar way, scalable video technology can tailor 
video to match a reduced transmission rate. This technology 
will ensure that quality of the delivered content does not drop 
abruptly when there is a shortage of energy (battery level).  
The system determines the appropriate data subset and 
transmission time in view of the available power budget. The 
transmission (the most energy intensive operation) is carefully 
planned not to waste energy. If synchronization operations are 
required prior to a new transmission, then non-critical data is 
accumulated over time and later transmitted as a single 
message. 
IV. OVERVIEW OF REMOTE MONITORING NODE 
The system comprises two processors, which work together; 
one providing the processing power and the other with low 
power consumption acting as a system controller. 
The sensor node is based on a Raspberry Pi [9] as shown in 
Figure 2. The Raspberry Pi (a Linux computer) is used because  
Fig. 3. Dew point, ambient temperature and humidity. 
 
of its low cost, rich set of peripherals for attaching sensors, 
cameras and processing capability.  
The node consumes about 1.3 Watts of power on idle state 
and to ensure a prolonged operation a low power Lilypad 
microcontroller [10] acts as a power management controller. 
The Lilypad continuously monitors the battery voltage, 
ambient temperature, etc. Based on the available energy and 
the historical pattern, it can choose to power the Raspberry Pi 
only for a scheduled transmission slot or may combine several 
transmission slots to make optimum use of available energy. 
The system can be utilized for autonomous monitoring 
applications under resource-constrained environments by 
adapting the resource utilization to the available battery 
capacity. The flexible basic architecture of the sensor node 
allows the selection of different sensors to suit an application 
scenario. The additional benefit is that the event of interest, 
e.g., increase in water level, can also be filmed or 
photographed and a low resolution version can be sent to the 
web interface. This makes it possible for the user to 
differentiate an actual emergency condition from a false alarm.  
V. APPLICATION SCENARIOS 
A) Transport Infrastructure Monitoring for cold weather 
The system has been deployed to explore remote monitoring of 
transport infrastructure in collaboration with the Centre for 
Transport Research [11]. The system can be used for 
monitoring bridges and railway track beds in remote areas. 
This is in line with strategic aims of railway infrastructure 
owners such as Network Rail [12]. For instance, vibration 
sensors can monitor the structural integrity of a bridge or track 
bed, detecting early signs of deterioration. This can help target 
scheduled/triggered inspections and support maintenance 
operations rather than following a pre-determined schedule. 
Timely information communicated from a remote site can 
be used to plan remedial measures, such as gritting roads or 
traffic diversion. The gritting operations require sufficient 
warning ahead of actual onset of freezing conditions to be 
successful. The proposed system combines the measurement of 
temperature and humidity to determine the dew point 
temperature Td (°C) as [13]: 
 
Td = T - ((100 - RH)/5)   (1) 
 
where T is the observed temperature (°C), and RH is the 
relative humidity (percent). Water condenses out of the air at 
lower temperatures when humidity is low, as can be seen in 
Figure 3. The system monitors the humidity and temperature 
trends on-site and autonomously signal the onset of freezing 
conditions when T and Td are both converging and approaching 
zero (as on the right in Figure 3). 
 
 
B) Environmental Monitoring and Humanitarian Disaster 
Relief 
The prototype system enables real-time monitoring of 
parameters related to environmental monitoring and disaster 
recovery e.g. flood defenses, water level measurements and 
detection of early signs of dust/wind storms in both developed 
and developing countries. This has specific benefit to 
developing countries with primitive weather forecasting 
capabilities. For example take the floods occurred in Sudan in 
August 2013 (Figure 4) that resulted in huge damages affecting 
500,000 people. In response, Nafeer community group was 
established [14] with the first task of documenting the damage 
(flicker photos [15]) followed by building a 5500 head 
volunteer team, who responded to 400 incidents per day, 
covering 40 areas in the greater Khartoum and nearby cities, 
and conducting hundreds of field operations/visits. The 
operation successfully distributed food, shelters, clothes, milk, 
water and other essentials to those affected. 
Nafeer has established a procedural-vertical management 
system comprised of IT, engineering, logistics and field teams. 
An electronic reporting system on the back of a make-shift call 
center was established to record incidents and their severity. A 
crowd-sourced flood map was built [16] feeding real time flood 
information to this huge logistical and field operation. Data 
collection, application and logistical software systems were 
quickly created to help run the operation. 
The challenges for this operation lies in the ability to collect 
real time water level information, which the crowd map helps 
facilitate, with the obvious disadvantage of relying on people 
reports on water levels. Water level forecasts such as those 
from Nile Basin Initiative (NBI) [17] help but fall short in 
providing local-level/geographical information about the 
damages across different geographical areas. The proposed 
system can be used to address the above issue by accurately 
detecting water level and reporting in real time via a distributed 
sensor network. For example, NBI forecast of floods in 
Khartoum showed that the water levels will be above the flood 
levels for 20 days between 10th and 30th August 2013. Thus 
this is not sufficient for planning rapid response in various 
Khartoum areas. 
 Fig 4. Khartoum city rain fall forecast, August 2013 (source NBI [17]). 
 
 
 
 
 
Fig. 5. Khartoum city rain fall forecast, August 2013 (source NBI [17]). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Water levels in Wells, Zallingi city, Central Darfur,Sudan (source Water Environment Sanitation (WES) project [19]). 
 
 
 
     Another issue relating to water levels is that the rainfall 
precipitation levels, shown in Figure 5, despite being 
increasingly accurate, do not offer a local land saturation 
level data, making detection of localized floods difficult. 
 
C) Water Resources Monitoring  
The Sudanese Drinking Water and Sewage Unit under the 
umbrella of the Ministry of Water resources and Electricity 
in collaboration with the UNICEF runs water projects 
providing clean water and basic sanitation for people in the 
war affected areas in the West of Sudan [18]. The project 
serves four million people and the administration is 
responsible for the maintenance and operation of a network 
of water wells distributed in the area.  
    The climate of the area and varying cycle length of the 
rainy and dry seasons makes monitoring water levels of the 
wells a tricky job. The Water project relies on specialized 
‘Logger’ devices operated by trained/qualified technicians in 
order to measure water levels. This is both expensive and 
time consuming and very inconvenient considering the 
maintenance needed and import of spare parts from Germany  
There are two direct application areas where the 
Remotestream system can be utilized within the UNICEF 
water project: 
1) Water Level measurement of Wells 
For shallow-water wells, Jet-pumps are usually used and are 
limited to about 8m (owing to air pressure variation with 
elevation). A Double-Drop Jet-Pump system can be used for  
Deep-well-jet-pump configuration with pipes mounted to the 
impeller housing, jet body located below the minimum water 
level and a second pipe connecting the output side of the jet 
body to the pump. Pumping water for daily use is a necessity 
that comes with the logistical requirement of managing a 
varying dispensed water volume that change with the well’s 
water level. This configuration requires knowledge of the 
water level at different seasons, which directly relates to 
where the jet-pump is fitted affecting its life time, operation 
and maintenance needs. An autonomous system may trigger 
data capture when water level exceeds the required threshold 
of 30m would help decision makers schedule seasonal 
pumps maintenance and planning. 
Current water level data is obtained using the logger 
device on a frequency of 1 hour daily. Example 
measurements showing the change in water level is shown in 
Figure 6 for two wells in Zallingi city, central Darfur, West 
of Sudan [19]. The data shows an accelerated change in the 
water levels with both wells having a standard deviation of 
above 1m. It also highlights the rather large average 
difference in water levels between the wells (5.1m). 
In order to accurately estimate the water level, 
Remotestream provides a convenient flexible alternative to 
manual ‘loggers’. The eTape Liquid Level Sensor [20] has a 
resistive output that changes with the changing water level 
and can be easily integrated with RemoteStream. It is more 
reliable compared to bulky mechanical floats, and the output 
resistance is inversely proportional to the water level which 
can be easily sensed. The benefit of sending water level 
measurements based on seasonal triggers can both save 
costs, time and reduce logistical support e.g. vehicles and 
personnel needed for distant villages and camps. 
 
2) Well’s Pumping test 
Another application for the proposed system is during the 
well’s initial pumping test measurements for determining 
potential water levels and well’s capacity. This is foreseen as 
a monitoring application for the submersible pumps 
operation in different seasons. For example, season-aware 
algorithms implemented in the Raspberry Pi could 
automatically instruct change to the elevation of the pumps 
(using motors for example) according to water level changes 
with the seasons by utilizing the on-board Real time clock 
(RTC). The algorithm could help provide data that follows 
the trajectory of climate change variation in the area by 
measuring change in rain fall and linking it back to season’s 
classification. 
Another related potential application via the real-time 
reporting capability of the proposed system is threshold-
based water level measurements in relation to well’s water 
usage. This is helpful in estimating the migration of the 
tribes and nomads within the area and consequent pressure 
on some wells compared to others. For example, large 
migration from Zalengi towards Niyala and Fashir cities was 
reported recently by UNICEF and Sudanese government. 
VI.   CONCLUSION 
Remote monitoring of sites without mains supply while 
providing Internet/mobile phone coverage remains 
challenging, requiring development of embedded 
architectures and algorithms to enable continuous access to 
near-real time data from different geographic locations. The 
proposed architecture provides an autonomous monitoring 
system capable of making decisions based on data collected 
and the required frequency of reports. The implemented 
system utilizes solar energy harvesting and cellular Internet 
and is easily deployable at remote locations for extended 
monitoring operations. 
The monitoring system can be used to monitor critical 
infrastructures at remote locations (e.g. disaster areas 
developing countries  and rural infrastructure in developing 
countries) and provide data logging and automatic 
notifications of events according to defined rules. Timely 
discovery of deviations in the monitored system can save 
resources, time and lives.  
The monitoring system demonstrates great potential for 
other similar applications for monitoring and prediction. The 
environmental monitoring application scenario provides a 
platform for involvement of stakeholders in testing the 
design as well as its utility as a useful tool by humanitarian 
aid organizations and NGOs, Infrastructure managers and 
Governments alike.  
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